Abstract: Toxoplasma gondii is an obligate intracellular parasite infecting one third of the world's population. The small intestine is the parasite's primary route of infection, although the pathway of epithelium transmigration remains unclear. Using an in vitro invasion assay and live imaging we showed that T. gondii (RH) tachyzoites infect and transmigrate between adjacent intestinal epithelial cells in polarized monolayers without altering barrier integrity, despite eliciting the production of specific inflammatory mediators and chemokines. During invasion, T. gondii co-localized with occludin. Reducing the levels of endogenous cellular occludin with specific small interfering RNAs significantly reduced the ability of T. gondii to penetrate between and infect epithelial cells. Furthermore, in vitro invasion and binding assays using recombinant occludin fragments established the capacity of the parasite to bind occludin and in particular to the extracellular loops of the protein. These findings provide evidence for occludin playing a role in the invasion of T. gondii in small intestinal epithelial cells. 
Introduction 41
The ability of Toxoplasma gondii to infect almost any warm blooded animal and virtually any 42 nucleated cell makes it the most prevalent parasitic infection worldwide. It is estimated that up to 43 one third the world's human population is infected, although prevalence varies between countries 44 [1, 2] . In the United States, it is estimated that approximately 22% of the population 12 years and 45
older have been infected with T. gondii whereas in certain South American countries, the 46 frequency of seropositive individuals is as high as 75% [3] . With the exception of the 47 191 to 241) (167bp), ECL1+ECL2 (residues 85 to 241) (485bp) and C-terminus (residues 261 to 177 521) (800bp) murine occludin fragments were PCR amplified from pBABE-FLAG+Occ plasmid 178 T. gondii tachyzoites dispersed over the apical surface of a confluent polarized monolayer of m-243 IC c12 , frequently settled around epithelial cellular junctions as seen by both immunofluorescence 244 (Fig.1A , C and D) and electron microscopy ( Fig.1B and E) . The apical surface of cells is covered 245 by microvilli and cell edges appear raised on SEM, which is highlighted in Fig.1B . Using TEM, 246 parasites were observed below the apical tight junction complex (TJ, Fig.1E ) and between cells 247 (large structures above and below the parasite). This distribution of parasites suggests the 248 paracellular pathway may be a route of infection and/or transmigration, as proposed previously from the apical to basal compartment increased over time and up to 2 h after incubation (Fig.1F) . 254 Intracellular parasites were contained within a parasitophorous vacuole appearing as a white halo 255 surrounding the parasite (Fig.1G) . Parasite egression from infected cells was not considered an 256 important factor within this time frame [27] . 257
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To establish whether IECs responded to T. gondii in this model system, cytokine and chemokine 259 secretion was analyzed. Among those tested, significant increases in both keratinocyte 260 chemoattractant (KC, the murine homolog of IL-8), and monocyte chemoattractant protein-1 261 (MCP-1) were detected in epithelial cell-conditioned media in the presence of T. gondii (Fig.1H) . The route of parasite infection and transmigration was further investigated using 2-photon 273 microscope-based live imaging. The still images taken from the video (Video S1) and shown in 
T. gondii induces changes in the distribution of the tight junction protein occludin 284
Staining m-IC c12 cell monolayers with anti-occludin antibodies prior to and after exposure to T. 285 gondii revealed that occludin localization changed over time in the presence of T. gondii (Fig.2) . 286
Over the time course, there was a decrease in occludin associated with the TJ complexes with 287 staining concentrated intracellularly ( Fig. 2A -E and A'-E'). This was verified by image 288 quantification ( Fig.2F and G) . In detail, after 30 min, occludin appeared more concentrated at 289 junctions compared with non-infected m-IC c12 cells (Fig.2B) . After 2 h, the changes in occludin 290 redistribution were more apparent, becoming apically enhanced within the cytoplasm (Fig. 2C') . 291
Following 6 h of infection, the presence of occludin at the tight junction complex was fractured 292 compared to the control, and was found increasingly in the cytoplasm ( 
T. gondii transmigrates between epithelial cells without affecting other junction-associated 302 proteins or barrier function. 303
To determine if other junctional proteins were also affected by T. gondii, m-IC c12 cells were 304 analyzed for the expression of claudin-2, ZO-1 and β-catenin. Claudin 2 is a transmembrane 305 protein of the tight junction complex primarily involved in the regulation of permeability. ZO-1 is 306 a scaffold protein that connects with occludin, and β-catenin is an adherens junction protein that 307 was chosen to compare whether multiple paracellular junctions were affected by T. gondii in our 308 system. In comparison to the parasite-induced redistribution of occludin, the distribution of other 309 junctional proteins was not obviously altered upon exposure to T. gondii after 2 h (Fig.3A) . 310
Staining at the junctions was still apparent and unaffected by the presence of the parasite. After 6 311 h exposure, tight junction protein expression appeared more punctate although adherens junctions 312 were unchanged. However, co-localization of these other proteins with T. gondii was not readily 313 observed. Therefore these differences in expression may be attributed to indirect effects 314 following changes in occludin distribution because, for example, ZO-1 interacts with occludin 315
[28]. 316
317
To determine if transmigrating parasites affected epithelial barrier integrity, transepithelial 318 electrical resistance (TEER) and permeability were measured. After 2 h of exposure to parasites 319 there were no significant differences in TEER (Fig.3B ) or permeability to 3 -5kDa FITC-dextran 320 between non-infected (media) and infected m-IC c12 monolayers (Fig.3C ). Similar findings of 321 unaltered TEER and permeability were also seen at earlier (0.5 h) and later (6 h) intervals of 322 parasite exposure (data not shown). These findings show that T. gondii tachyzoites do not 323 adversely affect the integrity of the intestinal epithelial barrier, in agreement with previous15 studies using kidney-and trophoblast-derived cell lines [9] . 325
326
Immunofluorescence analysis of parasite-epithelial cell co-cultures also showed that tachyzoites 327 co-localized with occludin which appeared to concentrate at the points of parasite entry into, or 328 between cells (Fig.4A-E) . Antibody complexes did not bind to the parasite alone (Fig.4F) . After 329 infection, occludin was localized at or in close proximity to parasites inside infected cells 330 (Fig4.C-E and 4G-I). 331 332
T. gondii infection and transmigration through epithelial cells is reduced in cells expressing 333
lower levels of occludin. 334
To determine if occludin was required for T. gondii infection and/or transmigration, m-IC c12 cells 335
were treated for 48 h with occludin-specific small interfering RNA (siRNA) prior to incubating 336 with parasites. Occludin knockdown was confirmed by immunoblotting with levels of reduction 337 equating to ~35%, which persisted for up to 6 days post treatment (Fig.5A and data not shown) . 338
Treatment with occludin-specific siRNA had no effect on barrier function as determined via 339 TEER measurements and permeability to 3 -5kDa dextran (Fig.5B-C) . Immunofluorescent 340 staining of siRNA-treated cells confirmed reduced levels of occludin in cells treated with 341 occludin-specific siRNA (Fig.5H ) and showed that occludin-specific siRNA had no discernable 342 off-target effects as evidenced by expression of other TJ proteins including claudin-2, ZO-1 and 343 β-catenin that was unaffected by the siRNA treatment (Fig. 5I-K) . 344
345
To determine whether or not expression levels of occludin were important for the attachment, 346 invasion and transmigration of T. gondii, m-IC c12 cells treated with siRNAs against occludin were 347 incubated with parasites. As the parasitophorous vacuole in infected cells is impermeable to H&E 348 it is possible to quantify the numbers of extracellular (adhered, Fig.5D ) and intracellular parasites (Fig.5E) 
was a modest but significant decrease in the number of adherent parasites (Fig.5D) , which 351 correlated with a significant decrease in the proportion of cells infected by T. gondii compared to 352 cells treated with non-silencing siRNAs (Fig.5E ). In addition, significantly fewer transmigrating 353 parasites were detected in occludin siRNA-treated cells compared to non-silencing siRNA-treated 354 cells (Fig.5F ) despite the number of apical parasites present in each sample being equivalent 355 (Fig.5G) . 356
357
Following exposure to T. gondii, residual occludin in occludin siRNA-treated cells was 358 redistributed in a similar way to that seen in non-treated or non-silencing siRNA-treated cells 359 (Fig.5H) , suggesting that T. gondii was still able to interact with the residual occludin. By 360 contrast, there were no changes in the distribution of other junctional proteins following infection 361 of occludin-reduced cells (Fig.5I-K) . likely to be accessible to interact with T. gondii in the paracellular space. Prior to infection of 369 IEC-6, T. gondii tachyzoites were pre-incubated with occludin peptides (ECL2, amino acid 370 residues 191 to 241; ECL1+ECL2, residues 85 to 241 and, as a control, C-terminus residues 261 371 to 521, (Fig.6A-B) . Extracellular, attached parasites were identified by the absence of a 372 intracellular parasitophorous vacuoles. Pre-incubation of T. gondii pre-incubation with thethe epithelial cells (Fig. 7A) (Fig.6A-B) were immobilized. The images in Fig.7B show the 382 aggregation and clustering of large numbers of parasites in wells containing the ECLl+ECL2 383 occludin peptide. This contrasted with the low density of parasites randomly scattered across 384 wells containing the C-terminus peptide, or in control wells containing an irrelevant protein 385 (mCherry) or, peptide-binding media alone. Image quantification of bound parasites showed that 386 the highest levels of bound parasites were in wells coated with the ECL1+ECL2 and ECL1 387 peptides, suggesting that T. gondii tachyzoites can bind the extracellular loops of occludin and in 388 particular, to ECL1 (Fig.7C) . 389 390 391
Discussion 392
Here, we provide evidence of the ability of T. gondii tachyzoites to access the paracellular 393 pathway as a means of invading and transmigrating polarized intestinal epithelial cell monolayers. 394
We have also presented evidence indicating a physical interaction can occur, at least in vitro, 395 between T. gondii and intestinal epithelial TJ complexes via occludin. Ingested parasites 396 (sporozoites in oocysts and bradyzoites in tissue cysts) invade the intestine and differentiate into 
